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Photochemical Enhancement in Catalytic Activity of Nickel
Nanoparticles for Hydration of CO2
Gaurav A. Bhaduri,[a] Bilal Muzaffar,[a] Mohammed A. H. Alamiry,[a] Jian Yuan,[b]
Wenfeng Shangguan,[b] and Lidija Sˇiller*[a]
The aqueous route for mineralization of CO2 is considered one
of the least energy consuming processes for carbon capture
and storage. Reversible hydration of CO2 is one of the slowest
steps in the mineralization process, however, it can be
enhanced using nickel nanoparticles (NiNPs). In this study we
evaluate the influence of photochemical effects on the catalytic
activity of NiNPs for hydration of CO2 by comparing pH change
profiles of catalysed and uncatalysed reactions under different
solar irradiation conditions. The activity of NiNPs for CO2
hydration is observed under artificial solar radiation, with and
without an infrared (IR) filter and in dark conditions. It is found
that the rate of CO2 hydration is enhanced by ~16% in the
presence of IR-filtered solar radiation and by ~24% with the
presence of IR radiation. The enhancement of activity is
attributed to absorption associated with the NiNP surface
plasmon resonance at 400 nm.
Introduction
Carbon dioxide, an anthropogenic greenhouse gas, has been
identified as a major contributor to global warming. Conse-
quently, there has been extensive research dedicated to the
reduction of CO2 in the atmosphere.
[1] One of the major
contributors to the rapidly increasing concentration of atmos-
pheric CO2 is the burning of fossil fuels for energy and
transportation requirements. As renewable sources of energy
are yet not fully efficient, the world’s heavy dependence on
fossil fuels is unlikely to be reduced in the near future.
Therefore, there is an urgent need to develop technologies to
reduce carbon dioxide emissions associated with fossil fuel
consumption in order to ameliorate global warming.[1c,d]
The conversion of CO2 to mineral salts (carbonates) and
subsequent storage in geological form is an attractive approach
for capture and sequestration due to its reliability, in terms of
both capacity and longevity.[2] The major products of this
process are carbonates of calcium or magnesium which are
thermodynamically stable and abundantly present in nature.[2]
The aqueous route for mineralization is a route which is not
energy intensive[3] but possesses limitations: leaching of
alkaline earth metals from the parent mineral (e.g. silicates),
slow hydration of CO2 to carbonic acid and slow precipitation
of carbonate salt.
Considerable research has been devoted to the study of
catalysts to enhance the CO2 hydration reaction.
[4] Carbonic
Anhydrase (CA) has been identified as the best catalyst, with a
reaction constant of 1.1x106 sec1,[3, 5] and one which is
abundantly available in biological systems. Various synthetic
organic catalysts have been developed to mimic CA, but were
found not to be as efficient. One of the major limitations with
the use of CA is that it is a homogeneous catalyst and if not
immobilized it will be lost in the mineralization process.
Attempts have been made to immobilize CA on various
substrates and study its catalytic activity for CO2 mineraliza-
tion.[4c,6] Immobilization was found to help in the separation
and recovery of the catalyst, but also led to reduction in
catalytic activity which would increase capital and operating
costs, limiting industrial application. Various other bio-mole-
cules,[7] synthetic organic[8] and inorganic catalysts[4a,9] for the
reversible hydration of CO2 have been reported as substitutes
for CA. However, all of them suffer from the limitations
associated with homogeneous catalysts.
Nickel nanoparticles (NiNPs) have been shown by Bhaduri
and Sˇiller[4d] to catalyse CO2 hydration and have the advantages
offered by a heterogeneous catalyst. Catalytic activity was
qualitatively shown by comparison of pH change profiles
observed when CO2 is bubbled through deionised (DI) water or
through a suspension of NiNPs. They also observed that CO2
hydration in DI water is an autocatalytic process catalysed by
the H+ ions generated by the dissociation of carbonic acid.[4d,10]
The activity of NiNPs as a heterogeneous catalyst was also
recently confirmed using DFT, showing that such biomimetic
catalysts provide a robust substitute to CA.[11] The heteroge-
neous NiNP catalyst is easily recovered due to its magnetic
properties opening the possibility of developing cost effective
mineralisation processes.[4d]
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NiNPs have previously been used to catalyse carbonation of
steel slag wastes to capture CO2.
[12] It was also found that the
carbonation time could be reduced by half for aqueous
carbonation of CaO and MgO in the presence of NiNPs.[12] NiNPs
employed to enhance CO2 separation using potassium
carbonate solutions showed an increase of two-fold in the rate
of CO2 absorption.
[13] To reduce the cost of separating the NiNPs
from suspension and to increase recyclability of the catalyst
NiNPs supported on silica aerogels have been studied.[14]
It is known that NiNPs are an effective photocatalyst[15] and
co-catalyst[16] for the generation of hydrogen. Additionally, nickel
doped semiconductor nanoparticles have been shown to be an
efficient photocatalyst when used for oxygen evolution[17] and
dye degradation.[18] However, in the absence of catalyst particles
it has been suggested that the presence of sunlight changes the
interaction between the gas molecules and water molecules
leading to lower rates of hydration for species such as CH4, CO2
or NH3
[19] compared with dark conditions. Therefore, in this work
we study the photocatalytic activity of NiNPs for CO2 hydration
and examine the behaviour in the absence of a catalyst. We find
that the catalysed rate of hydration is increased in the presence
of simulated sunlight whilst the uncatalysed rate decreases. The
surface of the NiNPs is observed to be unaffected by the change
in CO2-H2O interaction under solar irradiation. The NiNPs are
found to show a surface plasmon resonance (SPR) at 400 nm,
suggesting that it is their ability to absorb light that enhances
the rate of CO2 hydration.
Results and Discussion
The NiNPs used in this study were characterized by HRTEM
(Figure 1) and the particle size was found to be below 100 nm.
Elemental analysis with energy dispersive X-ray spectroscopy
(EDX) was carried out to confirm the presence of NiNPs.
The progress of of CO2 hydration is followed by monitoring
the pH of the solution, which decreases with increasing
carbonic acid formation from the hydration process:
CO2 ðgasÞ !  CO2 ðaqÞ ð1Þ
CO2 ðaqÞ þ H2O !  H2CO3 ð2Þ
H2CO3 !  Hþ þ HCO3 ð3Þ
The rate of dissolution of CO2 gas in water is dependent on
the partial pressure of the gas and dissolves in accordance to
Henry’s law[20] and is fast as CO2 is highly soluble in water.
[21] Of
the reactions involved in carbon dioxide hydration, reaction 2 is
the rate determining (slowest) step having a rate constant of
0.03 sec1.[22] The rate of change of pH provides a measure of
the the overall rate of reactions (1), (2) and (3)[7,23] which can be
written as:
CO2ðaqÞ þ H2O !  Hþ þ HCO3 ð4Þ
Using this methodology Bhaduri and Sˇiller[4d] observed that
the uncatalysed CO2 hydration reaction was autocatalytic. In
the presence of NiNPs the reaction was faster and was limited
by the rate of dissolution of CO2. Bhaduri et al.
[10] explained that
the autocatalytic hydration in the absence of NiNPs is due to
the H+ ions generated by the dissociation of carbonic acid.
Similar autocatalytic activity is observed in this study.
Figure 2a and 2b show the pH changes when CO2 is
bubbled in DI water or a suspension NiNPs in the presence or
absence of light, respectively. The activity of the NiNP catalysts
can be evaluated by comparing the area between uncatalysed
and catalysed pH change curves. The pH profiles show a more
rapid change in pH in the presence of the NiNPs than in their
absence. The results observed in this study are similar to those
observed previously.[4d,7, 10] It is also of note that the rate of
change of pH of the uncatalysed sample is lower under solar
radiation, for reasons discussed below.
In order to compare the pairs of pH curves in Figures 2a
and 2b and so demonstrate the effect of light on the rate of
CO2 hydration in the presence of NiNPs the integrated area
under each curve was evaluated numerically and the difference
in these values (i. e., the area between the curves in each pair)
determined. The area between curves indicates the degree to
which the rates of hydration differ, a greater area between
curves indicating a larger catalytic enhancement. The area
between the pH curves in Figure 2a was found to be 248%
larger than that obtained from Figure 2b, qualitatively proving
Figure 1. HRTEM image and EDX spectrum of NiNPs.
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that there is an enhancement in the activity of NiNPs in the
presence of light compared with dark conditions.
To investigate the effect of infra-red (IR) radiation from the
solar light simulator on CO2 hydration experiments were
repeated using an IR filter. The presence of the IR filter was not
found to cause an appreciable decrease in the power from the
light source incident upon the samples. Figure 3 shows the pH
profiles in the presence of the IR filter when CO2 was bubbled
in DI water or a suspension of NiNPs. It can be seen in Figure 3
that the pH change in the presence of NiNPs is, once more,
faster than in their absence. For the uncatalysed CO2 hydration
reaction the pH change profile is slower in the presence of the
IR filter compared with the profile in its absence. It can thus be
concluded that the reactions are affected by the presence of
infra-red radiation.
In order to evaluate the effect of NiNPs in the presence and
absence of the IR irradiation, numerical integration was once
again carried out to determine the area between the catalysed
and uncatalysed pH profiles. It was observed that the area was
73% larger in the absence of the IR filter (Figure 2a) than in
its presence (Figure 3). Therefore, it can be concluded that IR
irradiation plays a role in the catalysed hydration of CO2.
Comparing the area between the curves in Figure 2b and in
Figure 3 it was found that there was an increase in area of 16
1% under solar irradiation in the presence of the IR filter
compared with reaction performed in dark conditions. The
increase in area between the curves provides qualitative proof
that, even in the absence of the IR region of the spectrum, light
has an effect on NiNP catalysed CO2 hydration.
X-ray photoemission (XP) spectra of NiNPs before and after
CO2 hydration are shown in Figure 4a and 4b, respectively. The
Figure 2. The change in pH of DI water (squares) and a suspension of NiNPs
(circle) when CO2 is bubbled through (a) in the presence of artificial light and
(b) in the dark.
Figure 3. pH change profile when CO2 is bubbled in DI water or a suspension
of NiNPs with light but in the presence of an IR filter.
Figure 4. XPS spectrum of NiNPs a) before bubbling and b) after bubbling of
CO2 under solar irradiation without an IR filter.
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spectra show the presence of NiO (line at 854.0 eV and 854.4 eV
in Figure 4a and 4b, respectively[24]) and metallic Ni (at 852.6 eV
and 852.9 eV, respectively). The peaks at 855.7 eV and 855.9 eV
are assigned to Ni(OH)x and Ni(HCO3)x species
[25] whereas the
peak at 861.0 eV and 861.5 eV corresponds to the collective
plasmon loss of Ni.[24] Although there are subtle differences in
the intensity of the NiO component in the XP spectra the error
on this fit component is large, and therefore the spectra
indicate, to within error, that there are no significant changes in
NiNP surface composition before and after their use in the
hydration reaction.
It has been reported that metallic Ni and NiO both
collectively work as a photo-catalyst for the water splitting
reaction in the presence of semiconductor materials.[26] It is also
known that water can dissociate on both the Ni and NiO
surfaces.[27] Therefore, it is reasonable to assume that the
increased hydration of CO2 in the presence of NiNPs and solar
radiation observed in this work is associated with an enhanced
rate of water dissociation on the NiNPs surfaces in the presence
of light.
It is known that water absorbs light in the UV-Vis and IR
range for excitation of various OH stretching and bending
vibrations.[28] Liquid water exists in a clathrate like structure and
on absorbance of sunlight there are changes in this structur-
e.[19a,29] The CO2 molecule is a guest molecule in the clathrate
structure of liquid water[19] (generally termed as CO2(aq)) when
dissolved before undergoing the hydration reaction. It can be
expected that changes in the structure of liquid water may
provide additional stability to a guest CO2 molecule before it
undergoes hydration, which could explain the lower rate of pH
change in the uncatalysed hydration of CO2 in the presence of
light.
It has been demonstrated that lattice defects in Ni are
active sites for the dissociation of water to H(ads) and OH(ads)
[30]
and DFT calculations have determined this energy to be 0.94 eV
forNi [111] surface and 0.38 eV for the Ni [211] surface.[30c] The
uncatalysed dissociation energy of water is 5.11 eV.[31] The
reduction in dissociation energy of water on the NiNP surface is
proposed as the catalytic step in the catalytic hydration of CO2.
The change in the clathrate structure of water does not
adversely affect water dissociation on the NiNP surface, hence
an enhancement in the rate of hydration of CO2 is observed in
the presence of NiNPs with and without light.
It is known that NiNPs have a surface plasmon resonance
(SPR) in the UV-Vis range. The SPR has been extensively used
for surface enhanced Raman scattering (SERS)[32] and recently
for catalytic applications.[33] Figure 5 shows the UV-Vis absorp-
tion spectrum of a 30 ppm suspension of NiNPs. It can be seen
from Figure 5 that NiNPs have a SPR peak at 400 nm in
agreement with those reported in the literature, which lie
between 355–422 nm.[34] The presence of an SPR peak shows
that NiNPs absorb light in the UV-Vis range and this SPR may
also contribute to the observed enhancement in catalytic
activity of NiNPs for hydration of CO2 in the presence of light.
Conclusions
The catalytic activity of NiNPs for the hydration of CO2 was
studied in the presence and absence of solar radiation with and
without the IR spectral region. The rate of hydration of CO2 is
observed to be photo-catalytically enhanced in the presence of
NiNPs under illumination. It was also found that the rate of
uncatalysed hydration of CO2 is affected by sunlight, but
reduced rather than enhanced. The NiNP surface is found not
to be significantly affected by the hydration process. The NiNPs
absorb light in the UV-Vis range and it is suggested that this
may be the origin of observed enhancement in the catalytic
hydration of CO2 by NiNPs in the presence of light.
Supporting Information
The supporting information for this article includes experimen-
tal section and the spectral emission spectra of the Xe arch
lamp with and without IR filter.
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